Purpose: Determination of the endothelial cell density (ECD) by eye banks is paramount in donor cornea qualification. Unbiased measurement avoids wastage and grafts with an increased risk of premature failure. Internal calibration of the counting method is essential, but external validation would add an extra stage in the assessment of reliability. In this respect, data published by the multicenter Cornea Donor Study (CDS) in 2005 is a reference. The aim of the study was to compare ECD determined within a single eye bank, which uses calibrated image analysis software designed for transmitted light microscopy images of organ cultured corneas, with the CDS data determined on specular microscopy images of corneas stored at 4°C.
D etermination of corneal endothelial cell density (ECD) is paramount in decision-making during eye banking. Whether the storage technique is at 4°C in the United States or in organ culture (OC) in Europe, ECD conditions 2 major points: suitability for the graft and the type of the graft. For the former, a minimum ECD value of 2000 cells per square millimeter was decided many years ago for practical reasons, 1 namely compromise between acceptable graft survival and medical-economic balance in the eye bank, taking account of mean donor age and physiologic age-related decay in ECD. Borderie et al 2 later confirmed that corneas below this threshold survived for a shorter time. For the second point, the recent development of selective corneal replacement by lamellar grafts requires selection of the highest ECD for endothelial keratoplasty. But this approach, though based on common sense (endothelial lenticule preparation triggers additional endothelial cell [EC] loss), has never undergone systematic study. Although the actual influence of ECD . 2000 cells per square millimeter on graft survival in recipients is still debated, eye bank ECD (ebECD) may logically be assumed to significantly condition the number of living ECs that will dictate graft transparency after surgery. But in recent studies, the only proven indicator of long-term graft survival was ECD measured 6 months postoperatively, not ebECD measured several days before delivery. Systematic errors (ie, bias) in ebECD measurement are responsible for corneal wastage in case of significant underestimation and may increase the risk of premature graft failure in case of overestimation. Random errors may cause both. Inaccurate and highly variable (ie, hard to reproduce) ECD also makes it hard to compare results obtained by different studies and to analyze the relationship between ebECD and postoperative ECD. In numerous published studies, ECD is provided by a single eye bank. However, we previously demonstrated, using specifically designed standard EC mosaics, that huge variability may exist between technicians and between eye banks. [3] [4] [5] One noticeable exception is the Cornea Donor Study (CDS) performed in the United States between 2000 and 2002. 6 In this multicenter study involving 43 eye banks, ECD was determined using different specular microscopy (SM) devices. Furthermore, a subset of ebECD provided by 23 eye banks was also compared with ECD determined by a reading center and demonstrated high (but not excellent) accuracy in ebECD determination, thus establishing this series as a valid reference, especially for ebECD distribution according to the donor age. SM images are always obtained after warming up the cornea, without additional preparation. In OC, storage principle, stromal behavior, cell preparation, and the imaging principle are different. In this study, using transmitted light microscopy (TLM) images after osmotic preparation and counting with a dedicated calibrated image analysis software program, we analyzed whether ebECD obtained in a single eye bank using OC is similar to that in the CDS.
MATERIALS AND METHODS
Data were prospectively collected in a single eye bank (Auvergne-Loire French Blood Center, Saint-Etienne, France) between January 2005 and July 2013. During this period, cell-counting materials and process were unchanged. All counts (more than 2000) were performed by only 3 skilled technicians. Corneas were retrieved in 5 hospitals in our network by trained ophthalmology residents using in situ corneoscleral excision only. Retrieved corneas were immediately immersed in glass vials containing 100 mL of OC medium (CorneaMax; Eurobio, les Ulis, France) and transferred within 1 hour to a 31°C dry incubator. There is no upper age limit for corneal donation in France.
Cell-Counting Method and Calibration
The cornea was handled under a laminar flow hood, rinsed with balanced salt solution (BSS; Alcon, Rueil-Malmaison, France), and the endothelial side was exposed for 1 minute to 0.4% trypan blue (Eurobio). After gentle rinsing with BSS, the endothelial side was incubated at room temperature with 0.9% sodium chloride (Aguettant, Lyon, France) renewed every minute for three times, to generate optimal dilation of the intercellular spaces. With this procedure, cells made visible could be observed under the TLM. Finally, the cornea was placed in a sterile hermetic Petri dish and observed under a direct TLM (Leica, Leitz laborlux, Wetzlar, Germany) equipped with a digital camera (DXC-390P; Sony, Tokyo, Japan). Ten microscopic fields of 768 · 576 mm were acquired in the 8-mm central area. ECs were counted using the variableframe method, in 3 randomly selected nonoverlapping fields with the Sambacornea software (TribVn, Chatillon, France). The boundaries of more than 300 cells were automatically drawn and were carefully verified by a technician who made all necessary corrections. The entire analysis chain was calibrated in X and Y (to eliminate any distortion) with a certified Leitz micrometer. The accuracy of the analyzer, based on cell boundary recognition in a variable frame, is twice as effective as the standard fixed frame manual count technique and had already been validated. [7] [8] [9] [10] We also demonstrated its high accuracy using specifically designed microlithographic mosaics 5 and human corneal endothelium 4 during an audit of 18 eye banks of France.
Statistics
Data were expressed as mean (SD) and median (25th and 75th percentiles) and presented, whenever possible, in the same way as in the CDS, especially for the distribution of age groups and ECD groups. The data set was initially not censored for donor age or for ECD to represent the whole donor population. Second, to fit CDS inclusion criteria, we selected a donor age range of 10 to 75 years and an ECD range of 2300 to 3300 cells per square millimeter. Means were compared using analysis of variance with P , 0.05 considered as significant. Analyses were performed using IBM SPSS Statistics Version 20 (IBM Corporation, NY).
RESULTS
Between January 1, 2005 and July 31, 2013, 3409 corneas were received by Saint-Etienne eye bank, and 3052 corneas underwent endothelial assessment.
Donor Characteristics
Characteristics of the 1591 donors are summarized in Table 1 . Age groups replicate those of the CDS except for the last and largest group (over 75 years). The ECD did not differ significantly between the years (P = 0.062, analysis of variance) ( Fig. 1 ).
Endothelial Cell Density of the Donor Corneas
Cell counts were performed on average 5 days (SD, 1.5; median, 5; range, 1-12 days) after retrieval. The relationship between ebECD and donor age was nonlinear. The ECD decreased conventionally with increasing age ( 
Comparison With the Cornea Donor Study
When comparing the mean ECD of each age group shared by this study and the CDS, light microscopy ebECD was 100 (625) cells per square millimeter above specular ebECD (P , 0.001), corresponding to overestimation of 3.7 (1.0)%. The difference did not arise from the ECD itself (Fig.  2B , Table 3 ).
DISCUSSION
For the first time, EC counts of OC corneas analyzed with the variable-frame method using dedicated, externally calibrated image analysis software are reported and compared with the CDS data. Despite noncomparable methods of corneal storage, EC preparation, and the optical principle of EC visualization (TLM or SM), ebECDs were fully consistent between our study and the CDS, as illustrated in Table 2 , and Figure 2B showing near-identical quadratic polynomial regression curves. The CDS data are the only data on donor cornea ECD provided by a wide number of eye banks. They represent 43 American eye banks working with different SM devices and a total of 1101 donor corneas with donor age range of 10 to 75 years, thus constituting the perfect reference data set with which to compare our own data, to verify their external coherence.
Nevertheless, we found a significant difference of 100 (625) cells between TLM and SM ECD, a difference also visible in the ECD categories in Table 3 , which all differed, with slightly lower ECD in the CDS. Although the absolute value of the difference of 3.7 (1.0)% is very low, it would be interesting to know whether ECD is overestimated by TLM or underestimated by SM. In a previous study, 11 comparing preoperative ECD determined by clinical SM in patients (Topcon SP2000P, Tokyo, Japan) and immediate postoperative ECD determined by light microscopy of red alizarinstained cornea in 51 patients with transparent cornea (mainly keratoconus and lattice dystrophy), we found that clinical SM underestimated ECD by 6% [95%CI, (1%-11%)], considering that TLM performed on thousands of cells (2340 6 1571) on calibrated software was the reference. 11 Calibration errors can be ruled out in our case, because we used a system with certified internal calibration and external validation. 5, 8, 10 Indeed, besides using a certified micrometer, we also developed and certified slides comprising mosaics (called the Keratotest) with known predetermined ECD that can also be visualized by SM. 12 Keratotests are currently being used to study the reliability of ECD determination in eye banks, through the Eurokeratotest study (http://eurokeratotest.eu). The CDS data used for the present comparison were the raw data provided by eye banks, 6 and not by the reading center. 13 They consequently contain an intrinsic variability 13 that may be partly due to inaccurate calibration of certain SMs, but can probably not explain the systematic difference between us. Furthermore, the influence of different storage methods on EC loss between retrieval and ECD measurement must be considered. The US eye banks perform SM as early as possible after retrieval, and typically within 2 days. In our series, to minimize the influence of storage time on EC loss, we analyzed ECD determined as early as possible after retrieval, that is, after 5 6 1.5 days (median, 5; range, 1-12 days). Despite this duration, which is likely longer than in the CDS (data not available), we found a higher ECD, so the time factor can practically be eliminated. In addition, it is unlikely that 1 or 2 days in Optisol could trigger a significantly higher cell loss than a mean 5 days in OC, as neither direct nor indirect comparison of both culture systems ever showed any clinically significant difference. 14, 15 We therefore suggest 2 mutually nonexclusive explanations for this systematic difference: (1) Differences in the way cell boundaries are taken into account in the variable-frame counting method. Drawn cell boundaries, even when reduced to a minimum of 1 pixel width, represent a nonnegligible area. In the CDS, ECD calculation was not described in enough detail to ascertain how the outlined area was analyzed. Nevertheless, several SM software programs do not draw contours of individual cells. ECD is the ratio of the number of ECs pointed out on the total drawn area. Our software draws the contours of each EC (automatic recognition, with manual touch-up if necessary). Individual EC area was the sum of the area of the inner pixels plus half of the area of the pixels on the boundaries (Fig. 4 ) Total area was the sum of all individual EC areas, and (2) True differences due to relatively higher corneal shrinkage in OC compared with corneas stored at 4°C, for which Optisol-GS contains macromolecules that limit stromal swelling. Counting ECs in a slightly smaller area due to stromal swelling could reasonably lead to 4% overestimation of ECD. Besides considering cell-counting reliability, our study demonstrates that ECD of very old donors (.75 years), our largest donor group, can be suitable for graft and even of excellent quality (7% had 3300 cells per square millimeter or more) (Fig. 5 ), meaning that upper age limit for corneal donation is only justified on a medical-economic basis.
In addition, as expected, ECD distribution according to age classes in our series was consistent with older clinical series of SM performed on living white subjects, 16, 17 thus constituting an additional external validation.
In conclusion, the present "real-life" study, on a very large number of consecutive corneas and over an extended period, goes a step further in demonstrating that the computer-aided counting method on TLM images is reliable, comparing favorably with the CDS reference series performed by SM across the Atlantic Ocean. 
